The electrical resistivity of suspended polycrystalline gold nanofilms with different lengths has been measured over the temperature range of 2 K to 340 K, which dramatically increases compared with bulk gold and slightly increases with length. Classical size effect theories considering surface and grain boundary scatterings cannot explain the increased film resistivity, especially the temperature dependence of resistivity, over the whole temperature range. Considering the fact that the reduction of the coordination number of atoms at the surface and the interface leads to a decrease of the phonon spectrum frequency and consequently affects the surface phonon spectrum, the electron-phonon interaction as a relatively independent surface effect is taken into account. The theoretical predictions and the experimental measured film resistivity match very well over the whole temperature range and the extracted surface Debye temperature decreases significantly compared to the bulk value, which illustrates the essential role of enhanced surface electron-phonon interactions on the electrical transport of the present gold nanofilms.
Introduction
Metallic nanolms have been commonly used as interconnecting wires in modern integrated circuits (IC) and mirco/ nanoelectromechanical systems (MEMS/NEMS). Study on the electrical transport of metallic thin lms is of high interest to researchers and of great importance to the development of microelectronic systems. [1] [2] [3] [4] [5] [6] [7] [8] With the increase in the device density of ultra-large-scale-integrated (ULSI) and giga-scale-integrated (GSI) circuits, the characteristic scale of the interconnecting wires, taken as the thickness of nanolms, is constantly decreasing and is comparable to the electron mean free path (MFP) of the corresponding bulk materials. As a result, the phenomenon that the electrical resistivity of thin metallic lm increases dramatically with decreasing lm thickness can be observed. The degraded electrical transport properties of interconnecting wires will increase the possibility of electromigration while also cause serious interconnect delay that the interconnect delay tends to dominate the logic delay, which may even cause the whole system to fail. To ensure the reliability and stability of these sophisticated IC and MEMS/NEMS, the in-depth analysis of the electrical properties of metallic nanolms need to be carried out.
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To gure out the size effect, Fuchs and Sondheimer (FS), 10, 11 and Mayadas and Shatzkes (MS), 12, 13 considered that the motion of electrons is conned by the surfaces and grain boundaries and proposed the theories of surface scattering and grain boundary scattering, respectively. Later lots of experimental data was t with the FS and the MS theories to have an in-depth analysis to the origin of the size effect and the results indicate that grain boundary scattering dominates the electrical transport of polycrystalline metallic nanolms. [14] [15] [16] [17] [18] [19] [20] Besides the FS and the MS theories, Bloch-Gruneisen 21 (BG) theory was also applied to describe the size effect of temperaturedependent resistivity between experimental and bulk values. The effective Debye temperatures obtained by tting with the BG theory show a signicant reduction compared with the corresponding bulk values as width, 22 thickness, 23 and average particle diameter 24 of nanolms are reduced. Called phonon soening effect, this phenomenon is pointed to be related to surface bondorder loss 25 and surface roughness 26 of nanolms. As for the temperature-independent part, the residual resistivity of nanolms r 0 (which we take as the resistivity at 4.2 K, i.e., r 4.2 K z r 0 ) is equally important. Measurements have demonstrated that r 0 increases with deceasing lm width and thickness. [22] [23] [24] 27 It needs to be pointed out that in most of existing experiments the metallic nanolms are deposited on the substrates, such as mica, 8, [28] [29] [30] SiO 2 /Si, 31,32 SiOC, 22 fused quartz 33 and so on. As a result, the effects of interface contact on the measurements cannot be ignored. Meanwhile the generated Joule heat will make the average temperature along the length of nanolm be slightly higher than the set ambient temperature when using the conventional fourwire method to measure the resistivity, which weakens the accuracy of the experimental results. The suspended structure and the direct current heating method introduced in ref. 5 and 14 can avoid the inuence of interface contact and Joule effect on the measurements, respectively. However, their experimental temperatures are above 77 K (the boiling point of liquid nitrogen) due to the limitation of experimental equipment. As a result, their previous analysis has limitations. 5, 14, 34 Hence, it is urgent to expand their experimental temperature range.
In this paper, studies on the electrical resistivity of suspended gold (Au) nanolms with different length (L) in a temperature range of 2 K to 340 K have been carried out to gure out the contribution of different mechanisms to the resistivity of nanolms. It should be noted that the effects of substrate and contact resistance on the measured electrical resistivity have been eliminated in view of the present special designed suspended structure.
Experiment

Suspended gold nanolms preparation
The suspended gold nanolms used in this study are fabricated by electron beam (EB) physical vapor deposition, assisted with EB lithography and the isotropic/anisotropic etching techniques. In this structure, the electrodes and nanolm are integrally prepared, the electrodes are deposited on SiO 2 and only the nanolm is suspended. The fabrication processes in details can be referred in ref. 6 and 34 . With the same thickness (d) of 49.4 nm and width (w) of 450 nm, the length of the same batch of nanolms is 15 mm, 10 mm and 6 mm respectively. Aer the preparation, we conducted the scanning electron microscopy (SEM) and X-ray diffraction (XRD) experiments. Fig. 1 illustrates a fabricated sample structure. It should be noted that the actual size of electrodes is centimeter level and is far larger than the characteristic scale of nanolms. As a result, the electrodes have no size effect. Hence the electrical resistivity of electrodes is much small than that of nanolms and can be ignored.
XRD spectra of the suspended gold nanolms
The average grain size of nanolms can be investigated by XRD method. Fig. 2 shows the XRD spectra of the 15 mm long suspended gold nanolm. Based on the experimental results and Scherrer equation, the average grain sizes of nanolms are calculated as 24.7 nm.
Resistivity measurement method
Due to the small heat capacity of suspended nanolms, the measurements are always affected by the magnitude of heating current. A slight increment in current will induce the Joule effect which in turn results in a change in resistivity. Nevertheless, the relatively low current can lead to an inaccurate experimental result. Hence, a direct current heating method 5,14 is applied to exactly extract the electrical resistivity of the nanolms in this work. When a constant heating current is fed on the nanolm, parabolic temperature distribution is built due to the onedimensional steady-state heat transfer process. Treated as heat sinks, the electrodes maintain the cavity temperature T 0 . The temperature distribution T(x) and average temperature rise (DT L ) along the length of lm can be expressed as,
where I and U are the direct current and voltage applied on the lm, respectively; l f is the in-plane thermal conductivity of lm. Then taking into account the current heating effect, we obtain the apparent resistivity of the lm (r a ) through,
] is the temperature coefficient of resistance (TCR); r f is the intrinsic resistivity at T 0 ; r ref is the reference resistivity at reference temperature T ref (273.2 K).
As can be seen from eqn (3), the resistivity of thin lm r f at T 0 can be extracted from the intercept of r a -IU curve which is the corresponding resistivity at zero heating power. In measurement, the silicon chip is xed on the special designed base with acetal glue. Then we operate a bonding machine (West Bond 7476D-79) to connect the electrodes on our sample with those on the base with gold bond wires. Aer bonding, the base is mounted in the physical property measurement system (PPMS) in which temperature (T) can be adjusted from 1.9 K to 400 K and absolute pressure is less than 9 Â 10 À6 torr. The four-probe (U + , I + , I À , U À in Fig. 1 
Results and discussion
Electrical properties of the suspended gold nanolms
Shown in Fig. 3 as an example, the resistance of Au nanolm increases with heating power and the r a -IU curves of 15 mm long nanolm at 40 K, 30 K and 20 K measured by the direct current heating method have a nice linearity. We can extract the resistance values from the intercept of linear tting curves at 40 K, 30 K and 20 K are 90.850 U, 89.081 U and 87.827 U, respectively. Fig. 4(a) shows the extracted resistivity of Au nanolms with different length within a range from 2 K to 340 K. It is necessary to point out that the minimum temperature for our experiment is 2 K. Illustration in Fig. 4(a) is the partial enlargement in a temperature range of 2 K to 30 K. It can be found that r f reaches a residual value at T ¼ 4.2 K for all samples. Both the intrinsic resistivity and residual resistivity have signicant increments compared with the corresponding bulk values and increase slightly with length. From  Fig. 4(b) , the resistivity ratio between the nanolm and bulk Au dramatically increases with decreasing temperature, which is related to the increased residual resistivity and the sharp decrease of mean free path of conduction electrons. Illustrated in the inset of Fig. 4(b) , the enhancement of temperature-dependent resistivity of nanolms can also be found.
Role of the grain boundary and surface scatterings
The resistivity of the complex nanostructure can be well described by the Landau-Fermi liquid theory: 35, 36 Fig . 3 The r a -IU curves measured by the direct current heating method and the corresponding linear fitting curves of 15 mm long nanofilm at 40 K, 30 K and 20 K. 
where m* is the effective carrier mass, v F is the Fermi velocity, n is the carrier concentration, e is the elementary charge and l is the mean free path of conduction electrons. l in the eqn (4) is related to various scattering mechanisms. The product r f l ¼ 0.96 fU m 2 for bulk pure Au can be used as the reference.
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Based on the extracted r f , we calculated the l of the suspended nanolms. Shown in the Fig. 5 , the mean free path l for suspended nanolms increases with decreasing temperature and is much less than the corresponding bulk values, especially at low temperatures. Need to point out once again that our minimum experimental temperature is 2 K. It is also clear that the l of nanolms is less than the nanolm thickness and mean grain size, which indicates that grain boundary and surface are indeed weakening the electrical transport properties of nanolms. According to Matthiessen's rule, the resistivity of nanolm basically consists of surface and grain boundary scatterings, defect, and impurity scattering. 22 Defects and impurities are known to accumulate in grain boundaries owing to a purica-tion of the grains during grain growth. Further, they both reduce the effective MFP of conduction electrons and have the same effects with grain boundary scattering on the temperature dependence of resistivity. 37 Hence, defect and impurity scatterings are included in grain boundary scattering. The grain boundary reection coefficient (R g ) and the specular reection coefficient (p) are the important parameters in the MS and the FS theories respectively. R g describes the fraction of electrons reected from grain boundary and p describes the probability for an electron to be specularly reected from the lm surface. Both R g and p range from 0 to 1, and when R g ¼ 0 or p ¼ 1, the effects of grain boundary scattering and surface scattering are neglected, respectively. For Au nanolms, the specular reec-tion coefficient p is usually taken to be 0.5. 38 The combined inuences of grain boundary and surface on the resistivity can be expressed as,
H 2 ðh; 4Þ Â 1
1 À p expð ÀxhHðh; 4ÞÞ À1 ;
H(h,4) is given by,
where r MS+FS is the predicted resistivity of the combined MS-FS theory; r b represents bulk Au electrical resistivity; Since the 10 mm and 6 mm long nanolms are similar to the 15 mm long lm, the tting curves of only 15 mm long nanolm are plotted in Fig. 6 as an example. In order to compare the contribution of grain boundary scattering and surface scattering to the increased resistivity, the curves of only considering MS and FS are also given in Fig. 6 . Even when p ¼ 0 in the FS theory, which means a completely diffusive scattering at the surface and corresponds to a maximum resistivity, the predicted resistivity is only increased slightly compared with the bulk value and much smaller than the measured resistivity. It indicates that grain boundary scattering is the dominant determinant of intrinsic resistivity and residual resistivity in the present lms. However, surface scattering cannot be ignored due to a visible increment for the MS-FS curve compared with the MS curve. The extracted R g for 6 mm, 10 mm and 15 mm long nanolms is 0.721, 0.728 and 0.737 respectively, and agrees well with ref. 14 in which R g is 0.7. It is also found that R g increases slightly with length, which indicates that grain boundary scattering is enhanced. The observed predominant grain boundary scattering may include scattering from impurities at the grain boundaries, 37,39 which can be corroborated by the reduction of residual resistivity ratio (RRR) listed in Table 1 . As a rough index of the purity of a sample, RRR decreases with increasing defects, and the RRR of bulk Au is 102. Nevertheless there is still a signicant deviation in the temperature dependent part between MS-FS theory predictions and experimental results.
Role of electron-phonon interaction
To explore the underlying mechanism responsible for the discrepancy, we take electron-phonon interaction into account. Electron-phonon interaction is used to analyze the resistivity temperature dependence and can be accounted by BG theory which is in the framework of the Boltzmann transport theory. It should be noted that electron-phonon interaction is similar to grain boundary scattering and surface scattering, that is, all of them will affect the temperature dependence of the resistivity of thin lm. With the decrease of lm thickness and grain size, the atomic fraction of the surface and the interface increases signicantly, and the reduction of the coordination number of atoms at the surface and the interface leads to a decrease of the phonon spectrum frequency, which affects the surface phonon spectrum and Debye temperature of the lm. [22] [23] [24] 31 Since the spectrum of the surface phonons is soened, compared with the bulk behavior, many studies take the electron-phonon interaction as a bulk effect and name it phonon soening effect. 34, 40 As a result, bulk Au resistivity is increased and the modied bulk resistivity (r BG ) can be obtained by the BG theory as expressed by,
where r R ¼ 0.022 mU cm is the residual resistivity in bulk Au; K D is the prefactor; Q D is Debye temperature. Then combining the effects of FS and MS, one can replace r b in eqn (5) with r BG and t experimental data to this combined MS-FS-BG theory.
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However, since the effect of surface phonon spectrum on the thin lm is not equivalent to the BG bulk, the surface electronphonon interaction should be regarded as a relatively independent surface effect and not a bulk effect. Taken as an enhancement of surface electron-phonon interaction (SEPI), 31 the contribution of electron-phonon interaction to the electrical resistivity can be superimposed on that of grain boundary scattering and surface scattering. It complies well with the fact that phonons are frozen out at 4.2 K, 28 hence the effect of electron-phonon interaction on the electrical transport properties of metallic thin lms can be ignored below 4.2 K. Comprehensively considering the effects of SEPI, grain boundary and surface scatterings, we obtain the predicted resistivity r SEPI with the following equation,
where r MS+FS is given by eqn (5); K S is the prefactor; Q S is the surface Debye temperature.
For the combined MS-FS-BG theory, the tting curves of 15 mm long nanolm are shown in Fig. 7 . It is found that the tting curve can agree with experimental results above 130 K and shows an unacceptable uctuation below 130 K, which indicates the inapplicability of this combined MS-FS-BG theory.
For the combined MS-FS-SEPI theory, the tting curves are given in Fig. 8 . It is found that the combined MS-FS-SEPI theory follows the experimental results quite well in whole temperature range, which veries the reliability of this model. It should also be pointed out that the tting results are in line with fact that phonons are frozen out at 4.2 K which means the contribution of surface electron-phonon interaction to the resistivity below 4.2 K is small enough to be neglected. Based on the Table 1 The electrical properties and fitting parameters of the nanofilms. It should be noted that R g and p in the combined MS-FS theory are the same with these of the combined MS-FS-SEPI theory comparison of the tting curves of MS-FS-SEPI theory and MS-FS-BG theory, it is evident that the effect of surface phonon spectrum on the thin lm is more closely linked to surface and cannot be equivalent to the BG bulk. This indicates that it is more reasonable to take electron-phonon interaction as a relatively independent surface effect. The tting parameters are given in Table 1 . It should be noted that R g and p in the combined MS-FS theory are the same with these of the combined MS-FS-SEPI theory. We attribute the variation in R g along length of the present nanolms to the grain boundary scattering which may include scattering from impurities at the grain boundaries. The extracted surface Debye temperature for 6 mm, 10 mm and 15 mm long nanolms is 131 K, 127 K and 125.3 K respectively and shows a sharp decline compared with bulk Au value 170 K, which indicates an enhancement of temperature dependence of resistivity. It is also found that the prefactor increases and the surface Debye temperature decreases with increasing length, which illustrates the enhancement of surface electron-phonon interaction increases with length.
Conclusion
Without the inuence of substrate, contact resistance and Joule heat effect, the electrical resistivity of three suspended polycrystalline gold nanolms with different length has been measured. The measured electrical resistivity increases greatly compared to the bulk value. Applying the classical size effect theories considering surface and grain boundary scatterings, we nd that the grain boundary scattering dominates the electrical conduction and the extracted grain boundary reection coefficient is about 0.73 for the present nanolms. However, there is a discrepancy between experimental and theoretical values in temperature-dependent resistivity. The theory that takes electron-phonon interaction as a bulk effect is invalid below 130 K. We take the electron-phonon interaction as an enhancement of surface electron-phonon interaction into account. The experimental results can be described very well in the whole temperature range, which demonstrates that the effect of surface phonon spectrum on the thin lm is more closely linked to surface. The extracted surface Debye temperatures decrease from the bulk value of 170 K to between 131 K and 125.3 K and tend to decrease slightly with increasing lm length. The results illustrate the essential role of enhanced surface electronphonon interaction on electrical transport of the present suspended polycrystalline gold nanolms.
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